To determine the relationship of phase changes and abnormalities of ventricular contraction and conduction, we performed phase image analysis of blood pool scintigrams in 29 patients. Eleven patients had no evidence of blood pool contraction or ECG conduction abnormalities, four had contraction abnormalities, seven had abnormal conduction and seven had abnormalities of both variables.
SUMMARY To determine the relationship of phase changes and abnormalities of ventricular contraction and conduction, we performed phase image analysis of blood pool scintigrams in 29 patients. Eleven patients had no evidence of blood pool contraction or ECG conduction abnormalities, four had contraction abnormalities, seven had abnormal conduction and seven had abnormalities of both variables.
The phase delay generally related to the degree of contraction abnormality. The mean phase delay in hypokinetic segments differed from that in normokinetic segments in the same patient (p < 0.025), the phase delay of akinetic and dyskinetic segments differed from that in normokinetic segments (p < 0.001) and the phase delay in dyskinetic segments differed from that in akinetic segments (p < 0.005), but there was a significant overlap in the phase delay in normal and hypokinetic segments. Also, in patients with conduction abnormalities, the minimal associated regional phase delay presented a phase dispersion and a pattern of contraction consistent with the pattern of conduction and different from normal.
A single study performed both at rest and with stress demonstrated the effect of heart rate on phase assessment and confirmed the independent effects of contraction and conduction on phase delay. Acquisition and analytic methods should add significantly to the resolution of the phase method.
EQUILIBRIUM multiple-gated blood pool scintigraphy is an accurate noninvasive method for determining ventricular size and function.1' 2 Analytic methods that use digital computer manipulation have been applied to the blood pool study to extract additional data. 8' 4 Such manipulation produces functional images as the ejection fraction image, which color-codes the end-diastolic frame of the blood pool scintigram in terms of regional ejection fraction, while the stroke volume image color-codes the end-diastolic frame in terms of regional stroke volume. Recently, the phase image has been developed. 5 In this image, regions in the end-diastolic frame of the blood pool scintigram that contract simultaneously are represented by the same color or gray shade and the sequence of ventricular contraction can be easily defined. Clinical application of such digital analysis is just beginning." Such functional image analysis can have significant clinical impact but can theoretically be influenced by abnormalities of both ventricular function and electrical conduction. We sought to determine the relationship between findings on the phase image and patterns of ventricular contraction and conduction.
Methods
Phase image analysis was performed on two series of consecutive patients, in whom blood pool scintigraphy was required clinically for the noninvasive assessment of ventricular size and function. One group included patients with a normal ejection fraction and segmental wall motion and without electrocardiographic conduction delay. A second consecutive series of patients had reduced left ventricular ejection fraction and obvious contraction abnormalities on qualitative visual blood pool assessment or significant electrocardiographic intraventricular conduction delay with QRS > 0.12 second. All patients were in normal sinus rhythm.
The history of each patient was reviewed for infarction, and a 12-lead ECG was obtained on the day of scintigraphy. Electrocardiographic abnormalities were noted. Evidence of infarction was confirmed historically and supported by the presence of ECG Q waves . 0.04 second in duration. Conduction abnormalities, including evidence of left bundle branch block and right bundle branch block,7 were documented and pacemaker artifacts were noted. The ECG PR interval was measured and the presence of delta waves were also sought, as was historical confirmation of the diagnosis of Wolff-Parkinson-White (WPW) syndrome.
Phase image analysis was performed on equilibrium multiple-gated blood pool scintigrams acquired on a Searle Pho Gamma V scintillation camera using a linear all-purpose 200 slant-hole collimator and processed on a PDP 11/40 minicomputer (Digital Equipment Corporation). Scintigraphy was acquired to 4.5 million counts in 300 right anterior oblique (RAO) and "best septal" left anterior oblique (LAO) projections. The best septal projection was performed with a 15°caudal tilt, to diminish overlap of cardiac structures, and was chosen from a number of ungated screening LAO images as the projection that best sep-arated the ventricles. According to our standard methods, red blood cells are labeled in vivo using a 20-mCi i.v. dose of technetium-99m pertechnetate administered 30 minutes after 5 mg of i.v. unlabeled stannous pyrophosphate. In each patient, blood pool data were acquired in 28 frames, temporally distributed through the RR interval in a 64 X 64 matrix, interpolated to a 128 X 128 format and viewed on a high-quality DeAnza display using 256 gray shades. In each study, left ventricular ejection fraction was determined in the best septal LAO projection by the counts method using individual end-diastolic and end-systolic regions of interest and a periventricular endsystolic region of background correction. In each projection, a major axis was drawn from the midpoint of the aortic valve location to the left ventricular apex in end-diastole. Left ventricular wall motion was blindly and objectively assessed from the blood pool images, uncorrected for cardiac motion, in the two projections in four myocardial segments: anterior and apical segments, assessed in the 300 RAO projection, and septal, lateral and apical segments in the best septal projection. The apical segment was the region of the phase image adjacent to the distal third of the end-diastolic long-axis in both projections. The anterior segment represented the area superior to the long axis and proximal to the apex in the anterior projection, while the septal and lateral segments represented the remaining anterior and posterior regions proximal to the apex in the LAO projection. These segmental divisions were also those used for regional phase analysis.
Wall motion and phase changes of the left ventricular inferior wall were not assessed owing to the superimposition of the right ventricle in the RAO projection. Previous studies8-" have shown an excellent correlation between left ventricular ejection fraction and wall motion so determined and that calculated from biplane left ventriculography performed within days of scintigraphy in patients with both normal and abnormal left ventricular function. Regional wall motion was assessed from the outlines generated on background-subtracted, stationary images of the end-diastolic and end-systolic frames with constant access to the 28-frame movie and with reference to a display of alternating end-diastolic and end-systolic frames. This method correlates very well with wall motion assessed on selective left ventriculography, with 88% agreement between the studies.8 Using multiple-gated scintigraphy, Rahimtoola et al.9 documented an 89% interobserver and a 95% intraobserver agreement for the scintigraphic assessment of regional wall motion. Our prior evaluation of multiple-gated blood pool scintigrams performed in a normal population demonstrated that normal motion for anterior and septal segments of the left ventricle represented a systolic inward movement of at least 20% of the distance toward the major axis, while normal apical motion represented a systolic excursion of at least 20% along the major axis toward the base. Normal motion for the lateral segment represented a systolic inward motion of at least 30% of the distance toward the LAO major axis. Less-than-normal motion was termed hypokinesis, absence of movement was termed akinesis, and apparent paradoxical outward expansion during systole was termed dyskinesis. This method conforms generally with that of Herman and Gorlin. '2 Right ventricular wall motion was assessed as a single segment from the systolic motion of this chamber evaluated in the best septal LAO projection, where normal motion represented at least 20% inward movement of the anterior and apical right ventricular walls. In one case, images were obtained at rest and at peak reclining bicycle exercise.
Phase image analysis was performed using the first harmonic of the Fourier transform to fit a cosine curve to the time vs radioactivity curve of each pixel in the blood pool study. The time vs radioactivity curve of the equilibrium study is a close approximation of the ventricular volume curve.'3 Since mild rhythm irregularities occur even in sinus rhythm, curve fitting and phase analysis were performed over only the initial 22 of 28 frames to avoid artifact introduced by falling counts in late frames due simply to rhythm irregularity. Fourier transform was performed without amplitude thresholding. The phase image was displayed and analyzed in two steps. First, each pixel of the end-diastolic frame in both projections was coded in shades of gray for the phase angle. The phase angle defines where the Fourier function reaches its peak, and thus defines the onset of contraction, the point of initial decline from the curve maximum. In this image, pixels that showed contraction or loss of counts simultaneously were represented by the same gray shade. The ventricular volume curve was represented by a cosine curve and pixels coded black if the cosine curve in that region demonstrated "ventricular contraction" to progress immediately after the R-wave peak. Increasingly lighter shades were assigned to pixels where the volume curve and representative cosine curve demonstrated increasingly delayed contraction. Regions of the atria and of paradoxically contracting segments of the ventricles, which actually filled when normal ventricular contraction occurred, appeared in light shades at 180°phase delay. Uncoordinated contraction or random variations as seen in regions of background appeared as a salt-and-pepper distribution of varying gray shades.
The pattern of phase variation was also assessed.
We compared the pattern of phase variation with the electrocardiographic pattern of conduction. Serial images were evaluated for the site of phase onset and the direction and pattern of phase change using a movie version of the color-coded image. Here, pixels in each frame were coded white when regional contraction was noted to take onset by phase analysis. Stepping through each sequential frame, the phase delay of each pixel or group of pixels could be identified. The site of terminal or late phase change was also noted. The septal division between the two ventricles was often apparent because of slight differences in ventricular phase or contour. When not readily apparent, it could be closely localized by reference to the end-diastolic septal location of the multiple-gated blood pool study.
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These changes were evaluated blindly and compared with the electrocardiographic pattern. We attempted to differentiate statistical noise from meaningful phase change by analyzing phase data that originated in pixels that serve as an initial focus of subsequent phase changes. Phase changes in individual pixels or isolated phase changes originating in pixels that showed no contiguity to subsequent phase changes were considered noise and were not evaluated.
Data Analysis
In each ventricular segment, the number of frames from end-diastole or from the R wave, marking the onset of frame 1, required for all pixels to demonstrate the onset of contraction or phase change was termed the phase delay. We compared the phase delay with the pattern of contraction in each ventricular segment. Each frame of the 28-frame study accounted for one-twenty-eighth of the entire 3600, or approximately 130 variation in phase angle. The mean and standard deviation of phase delay were calculated for each group of normokinetic, hypokinetic, akinetic and dyskinetic segments, and between-group comparisons of phase delay were conducted using the Neumann-Keuls multiple-range test with unequal samples. The mean and standard deviation of phase delay were also calculated for normokinetic segments in ventricles with hypokinetic segments, and these phase delays were compared using the one-tailed Mann-Whitney test.
Results
Thirty blood pool scintigrams were analyzed in 29 patients. Eleven patients (six males and five females, mean age 47 years) were included in the study because they demonstrated normal scintigraphic ejection fraction, quantitatively normal wall motion and were without historical or electrocardiographic evidence of prior infarction or electrocardiographic evidence of conduction abnormality. Eighteen patients (12 males and six females, mean age 50 years) were studied who demonstrated a reduced ejection fraction and apparent wall motion abnormality on blood pool study or who revealed electrocardiographic evidence of a significant conduction delay with QRS . 0.12 second. Among these 18, four had abnormal contraction, seven had abnormal conduction and seven had abnormal contraction and abnormal conduction. Eight patients had known coronary artery disease, two had noncoronary cardiomyopathy, two had aortic valve disease, two had WPW syndrome and four had heart disease of unknown cause. The mean heart rate among all patients studied at rest was 84 beats/min (range 66-92 beats/min). The relationship of contraction abnormalities, conduction abnormalities and phase delay is detailed in table 1.
In the 11 patients with qualitatively normal left ventricular contraction and normal conduction, segmental analysis of wall motion showed no abnormality. Phase image analysis showed essentially simultaneous right and left ventricular changes, frequently completed within two frames, and always completed within five of the 28 frames or 650 ( fig. 1 ). The mean onset of contraction, or phase delay in these normal segments, was 2.3 ± 1.1 frames, or approximately 30°. Although the onset of phase changes was noted to begin in the first, second or third frame, in these normal patients, all pixels demonstrated onset of contraction within a brief period, as phase changes were always completed within two of the 28 frames or within 260 of their onset. Where it could be discerned by the current methods, phase changes in five patients appeared to begin in the septal region, with rapid spread to the right ventricular apex, subsequently affecting the bodies of both ventricles. In four cases, the left ventricular septal segment showed initial phase changes, while in one patient the septal aspect of the right ventricle was initially affected and in another patient both regions showed simultaneous phase change.
Segmental contraction analysis in the 11 patients with abnormal left ventricular contraction revealed 16 hypokinetic segments, 10 akinetic segments and four dyskinetic segments. Among hypokinetic segments, only three demonstrated phase delay to six frames or beyond, two to 78°, or six frames, and one to 1300, or 10 frames. In this group of hypokinetic segments, the degree of wall motion abnormality was not closely related to the degree of phase delay or the approximate phase angle. However, each of 10 akinetic segments demonstrated significant phase delay: seven segments to 1300, 10 frames or more, and four of these to 156°, or 12 frames. Each of the four dyskinetic segments showed significant phase delay, all segments to 1560 or 12 frames or more. The right ventricle appeared to contract normally in all patients, except one patient who had generalized abnormalities.
In each resting study, the phase image indicated the onset of right ventricular contraction within the initial five frames of the 28-frame study, or < 650. In only one patient, in whom the study was obtained in association with a right bundle branch block exposed during exercise, was there an apparent phase delay in the region of the right ventricle.
Only six of the 16 hypokinetic segments, but all of the akinetic and dyskinetic segments, revealed a phase delay of two or more frames beyond that seen in normally contracting segments in the same patient. Nevertheless, the hypokinetic segments revealed a mean phase delay of 4.1 ± 2.0 frames, significantly greater than the phase delay noted in normally contracting segments overall (p < 0.01) and also greater than the phase delay seen in normally contracting segments in the same patients (2.9 i 1.2 frames, p < 0.025). Similarly, akinetic segments demonstrated a mean phase delay of 10.4 ± 2.3 frames, and dyskinetic segments a mean phase delay of 14.2 ± 1.0 frames. The mean phase delay in akinetic and dyskinetic segments was also significantly different from that in normal (p < 0.001) and hypokinetic (p < 0.001) segments, and phase delay in dyskinetic regions differed significantly from that of akinetic (p < 0.005) segments.
Among the 14 patients with abnormal conduction, three demonstrated right bundle branch block, three 553 Abbreviations: A = akinesis; Ant = anterior segment; Apex = apical segment; D = dyskinetic segment; H = hypokinetic segment; IVCD = intraventricular conduction defect; Lat = lateral segment; LBBBleft bundle branch block; LV epi = left ventricular epicardial; M = wall motion; N = nornal; phase = frame of phase onset; PM = pacemaker rhythm; RBBB = right bundle branch block; RV endo = right ventricular endocardial; Sept = septal segment; WPW = Wolff-Parkinson-White syndrome. left bundle branch block, one patient had a nonspecific intraventricular conduction defect, two patients had WPW syndrome and five had pacemaker rhythms. In each case, the study could clearly be differentiated from the normal by the pattern of interand intraventricular phase variation. In patients with abnormal conduction, unlike those with normal contraction and conduction, it always took three or more frames to complete the sequential phase changes. However, there was no evidence of a prolonged phase delay in the isolated presence of a conduction abnormality, and phase changes were always completed within five frames. An extreme phase delay was only present when severe contraction abnormalities were present and regions of the ventricular silhouette displaying evidence of impressive phase delay confined themselves to areas of contraction abnormalities and generally those which were most severe ( fig. 2 ). Patients with right bundle branch block uniformly demonstrated delayed phase changes over the area of the right ventricle compared with segments of the left ventricle, while patients with left bundle branch block had left ventricular phase changes after right ventricular changes. The patient with nonspecific conduction delay demonstrated a pattern more consistent with left bundle branch block, and the five pacemaker studies
Composite "phase" image performed in the "'best septal" left anterior oblique projection in a patient with normal contraction and conduction. Regions of the cardiac silhouette that contract in phase are black; regions contracting out ofphase are coded by the gray scale, with lighter shades representing greater phase delay. Superimposed on this phase image in white is a map of regions without phase delay, which begin contraction during the first frame of blood pool acquisition in this 28-frame study. Both right (large arrow) and left (small arrows) ventricles are in phase and begin conitraction immnediately in this normal study. demonstrated serial phase alterations in keeping with the site of the pacemaker location, which was in the endocardium of the right ventricular apex in four patients and in a left ventricular epicardial location in one patient. In all cases, the dual 300 RAO and best septal LAO projections allowed triangulation of the origin of phase changes and their sequence and enabled assessment of changes on an apical-basal axis as well as a left-right axis (figs. 3, 4) . One patient with a right ventricular endocardial pacemaker demonstrated the typical pattern of phase changes related to this conduction pattern at rest. However, with stress, the demand pacemaker was suppressed and the patient's underlying right bundle branch block was revealed with the expected associated alterations in the sequence of phase changes ( fig. 5 ). In two patients with WPW syndrome, the initial onset of ventricular contraction and entry point of the bypass tract could be localized through the right ventricle. The activation pattern in both cases was confirmed by invasive endocardial mapping.
Discussion
Several functional images have been derived from the equilibrium multiple-gated blood pool scintigram. The most recent of these, the phase image, uses Fourier techniques to fit the time vs radioactivity or " volume" curve of each pixel through multiple frames of a computer-acquired multiple-gated blood pool study. We used the simplest form of the curve-fit method, using the first harmonic of the Fourier transform. The fitted curve can be characterized by end-systolic (bottom right) equilibrium blood pool scintigrams in the anterior projection from a patient with an akinetic left ventricular apex. The amplitude or stroke volume image (top left), also a product of Fourier analysis, shows increasing stroke volume in white shades. The cardiac apex and much of the ventricular body reveal poor stroke volume (white arrow). On the phase image (upper right), the ventricular apex (black arrow) contracts out ofphase and is displayed in white, clearly set offfrom the remainder of the ventricle, which is in phase and marked in black and shades ofdark gray. (B) In the left anterior oblique projection of the same patient, the right atrium is clearly separated from the remaining structures in both the amplitude (arrow, top left) and phase images. Again, the phase image reveals apical left ventricular contraction to be delayed. The white arrow in the phase image indicates the right atrium. 555 VOL 65, No 3, MARCH 1982 oblique (bottom) projections in patient 28, with a left ventricular epicardial pacemaker. The numbers above each panel indicate the frame analyzed during this 28-frame multiple-gated acquisition. White regions represent areas losing counts or contracting during that particular frame. In frame 1, the left ventricle (white arrow) begins contraction before the right ventricle (black arrows), seen most prominently in the left anterior oblique projection. Subsequent frames show serial progression of ventricular activation to involve the right ventricle, demonstrating an abnormal sequence of ventricular contraction and activation. The left ventricular apex was akinetic and contracted in the tenth frame. 556 CIRCUJLATION PHASE IMAGE ANALYSIS/Botvinick et al.
the phase angle that defines curve maxima and minima. The phase angle can then be used to define the point just past the curve peak when counts begin to fall, indicating the onset of contraction. This point can be thought of as the onset of inscription of the cosine representation of the volume curve with relation to end-diastole, or the ECG R wave, and expressed as a phase delay. A graphic representation of the phase delay for each location within the right and left ventricular blood pools can be interpreted to represent the sequential pattern of ventricular contraction. The phase image was originally developed for use on a large computer; we applied it to a minicomputer available in many clinical nuclear medicine sections. The method used in this study for generating phase data is similar to that applied in other preliminary studies. Initial reports indicated that the pattern of phase delay was related to the pattern of contraction abnormalities and the extent of phase delay was directly related to the impairment of regional wall motion. 6 We analyzed and identified the -normal pattern of phase variation. In 11 patients with normal left ventricular contraction patterns, phase image analysis indicated the onset of contraction in all ventricular regions within 650 or five frames from the onset of systole or from the end-diastolic frame. Phase changes were always completed within two frames, or 260 of their onset.
Plotting the phase delay vs the number of pixels at any given phase, Pavel and co-workers6 noted a unimodal phase distribution with a peak at 28°and a standard deviation of 120 or a range up to 52°. Considering our 28-frame acquisition with a maximal resolution of 13°, our findings are similar. However, the absolute timing of regional phase delay in normal patients is likely a function of heart rate and the relative duration of systole. To overcome this difficulty, Pavel et al. compared the regional phase angle in abnormally contracting segments to that in normally contracting segments in the same patient, -and found a direct relationship between the phase delay so expressed and the degree of contraction abnormality. Using a similar method of analysis, we confirmed this general relationship. Although we noted that phase delay, expressed as a mean for each group, increased FIGURE 5. Phase image at rest and with stress. Shown according to the same format as figure 1 are serial phase images in the "best septal" left anterior oblique projection performed at rest (left) and during maximal reclining bicycle exercise (right) in patient 20, with an endocardial right ventricular pacemaker. The initial four frames from the phase analysis at rest and at stress show sequential movement from frame 1 (top panel) to frame 4 (bottom panel). Here, septal localization was performed with reference to this structure in the end-diastolic frame of the blood pool scintigram. At rest, initial activation begins in the right ventricular apex, distal septum (white arrow) and small areas of the left ventricular apex and lateral wall. Activation proceeds from the inferoapical region to the base, simultaneously involving elements ofboth right and left ventricles thereafter. The white arrows in frames 2 and 3 of the rest study indicate the right ventricle. This pattern of activation is abnormal because it begins at the apex and primarily involves elements of the right ventricle, and spreads proximally to both ventricles, while normal activation spreads to the right ventricular apex distally via the septum and then laterally to both ventricles. At this time, the ECG clearly showed a pacemaker rhythm. A t maximum exercise (right), initial activation again involves elements of the left ventricular apex and lateral wall (white arrows), but no evidence of early right ventricular activation is seen. Phase change spread slowly to involve the septum and right ventricle. This pattern is different from that seen at rest and was consistent with the ECG, which, during maximal exercise, revealed that patient's underlying right bundle branch block pattern. with the degree of wall motion abnormality, and was significantly different in normal, hypokinetic, akinetic and dyskinetic segments, there was a significant individual overlap between groups. Numerous hypokinetic regions were without significant phase delay beyond normal values while, not surprisingly, akinetic and dyskinetic segments generally showed a significant phase delay. Of course, dyskinetic segments, noted to bulge during ventricular systole, would be predicted to appear out of phase with the general pattern of ventricular contraction.
Akinetic segments might be expected to have an infinite or indeterminate phase delay. Phase image analysis is based on a volumetric analysis of counts, while our assessment of akinesis comes from a motion evaluation of linear changes along the periphery of the ventricular silhouette. The pronounced phase delay in such akinetic regions indicates some element of motion in this volume, which is significantly delayed in onset from the normal components and may in cases be moving paradoxically. This, too, is expected, as most of such akinetic segments are probably composed of scar and were generally located in aneurysmal segments of the ventricles studied. Activation of these regions might be expected to be slow, and was often seen to be disorganized or splintered, likely owing to fibrosis. One patient with a dilated and a generally hypokinetic left ventricle had a severely reduced ejection fraction and showed marked and widespread regional phase delay. The phase image demonstrated a highly disorganized pattern. While this is likely owing to the presence of extensive and widely scattered fibrosis, another possible cause of this disorganized phase pattern could be the potential difficulty in curve fit resulting from the presence of a severely reduced curve amplitude.
The lack of significant phase delay in many hypokinetic segments is also expected. While a delay in contraction, or tardokinesis, has been described as a functional abnormality characteristically seen in ischemic myocardium, there is no reason to believe that tardokinesis need be universally related to hypokinesis or a diminished excursion of contraction. The results of the study indicate that hypokinetic segments may not demonstrate a phase delay. However, tardokinesis refers to a delay in the overall period of contraction. The phase image does not evaluate this directly, but rather provides some information regarding the timing of activation of all regions of the ventricular myocardium. The phase image does not assess the time required to complete contraction, which would be required to assess the presence of tardokinesis. Alternatively, we lacked the ability to resolve such temporal delays, owing to the 28-frame analysis performed. At heart rates of 60-80 beats/min, the temporal resolution afforded by such analysis is approximately 29-36 msec. This might be too gross to recognize subtle alterations in the temporal pattern of contraction. However, even in normal subjects the phase variation occasionally extended to five such intervals.
Nevertheless, the 28-frame temporal resolution appeared sufficient to differentiate patients with normal conduction from those with abnormal conduction. The pattern of abnormal conduction could be easily recognized by the pattern of interand intraventricular phase variation, which paralleled the electrocardiographic findings. In normal patients, phase change often occurred too rapidly to note any specific pattern other than simultaneous changes in both ventricles. In some normal cases, however, phase change was significantly prolonged to permit visualization of the pattern of phase variation initially affecting the basal septum and subsequently spreading to the right ventricular apex and then to the main bodies of the ventricles. Although the temporal resolution of the current method does not permit refined analysis of serial phase changes, this pattern in normal subjects, as well as the pattern defined in patients with conduction abnormalities, parallels the course of electrical activation documented to occur in these groups.14 ' 15 Patients with isolated conduction defects showed no identifiable absolute phase delay and could not be separated from normal subjects simply by their overall phase delay. This could again be accounted for by the limited temporal resolution or because we did not evaluate the duration of systole. Alternatively, such delay might not have been appreciated because we assessed volumetric changes, and delayed contraction in one wall might be missed if the opposite wall began to contract and the phase image identified a volume change between them. Thus, regional contraction delay can be masked by a volume change, appreciated as the onset of systole by phase image analysis owing to the onset of contraction in an opposing wall. Similarly, volumetric or motion changes in overlying or background structures could interfere with phase assessment of individual structures. Multiple projections and angulation, as used here, may minimize artifacts introduced by changes in superimposed structures, but certainly cannot eliminate this problem. Gamma emission tomography with phase image analysis in well-defined tomographic segments might help to overcome this problem. However, even with such difficulties, compared with patients with normal contraction and conduction, those with abnormal conduction demonstrated a temporal dispersion of phase, with phase changes occurring over three or more frames. Byrom and Pavel,1" using other methods, noted a general increase in phase angle and a bimodal phase distribution when they related the phase angle to the pattern of ventricular excitation in patients with bundle branch block. Regions with marked phase delay were seen in some patients with conduction delay. However, these areas were always localized to regions of contraction abnormality that were usually severe.
Overall, the pattern of phase variation, which may be said to represent a marker for the sequence of contraction, paralleled the pattern of intraventricular conduction. This is in keeping with previous findings in which the sequence of myocardial contraction evaluated on selective ventriculography and by other invasive methods paralleled the sequence of conduction. 17 The alteration of phase variation with conduction pattern was clearly seen in one patient in whom the pattern of phase variation changed dramatically when a pacemaker rhythm present at rest was replaced, during stress, by the patient's intrinsic right bundle branch block configuration ( fig. 5 ). This was the only patient who demonstrated a phase delay in the region of the right ventricle. This is probably because frame duration was significantly reduced in the presence of tachycardia, which also resulted in a reduction of the period of diastole, extending the number of frames occupied by systole in the shortened cardiac cycle. This phenomenon was likely further accentuated by the presence of right bundle branch block. These findings contrast with the values noted here for the normal phase variation derived from patients at a normal heart rate. These values should increase as the period of systole occupies more of the cardiac cycle and more frames with increasing heart rate.
Phase variation differed significantly between patients with left bundle branch block ( fig. 3 ) and those with a right ventricular endocardial pacemaker ( fig.  5 ). Both groups conduct with a functional left bundle branch block pattern, but the phase differences indicate that conduction patterns are not the same. Phase imaging may be useful for differentiating patterns and sites of bundle branch block not apparent on the surface ECG.
In two patients with WPW syndrome, phase image analysis enabled the noninvasive identification of the specific site of initial ventricular contraction. Similar localization of the contraction pattern in such patients has been performed noninvasively by echocardiography.'8 However, that method is more influenced by patient position and requires an extensive analytic effort in undigitized, unprocessed images that may be less reproducible, owing to the many subjective aspects of echocardiographic image acquisition and analysis. The digital, scintigraphic production of phase images is entirely objective. Subjectivity in its interpretation can be minimized to make it as reproducible as the blood pool scintigram from which it is derived. The method may have useful applications for delineating and quantifying severe contraction abnormalities and could be useful for assessing conduction abnormalities in the setting of a sinus mechanism or in the presence of a regular ectopic rhythm.
Ambiguities created by overlapping structures of differing phase is a potential problem. Also, cardiac motion during systole certainly produces count changes similar to those of contraction and could be mistaken for true volumetric changes by the phase technique. While these are recognized hazards of the method, little can be done about them by present methods. Variation in heart rate with alteration of the relative duration of systole can also grossly change phase angle. Therefore, with one exception, patients were studied within a small range of heart rates at rest. In the patient studied at stress, it was interesting to see the principal effect on the right ventricular phase, probably due not to heart rate changes but to conduction changes. To avoid artifacts of irregular rhythm, only patients in sinus rhythm were studied and only the initial 22 frames analyzed to avoid falloff in counts in later frames with irregularities. As a first step, we used a first harmonic Fourier fit to characterize the regional time vs radioactivity curves. We and others have used other curve-fit techniques,'9 but we do not know if phase changes can be more reliably characterized using higher harmonics or other more resilient methods of curve fitting. Problems related to cardiac motion and structural overlap will be difficult to resolve with any method.
Another problem involves the data sampling rate. We used an analysis of phase changes in 28 sequential frames of the multiple-gated blood pool scintigram, which could differentiate among subgroups of contraction and conduction. A preliminary experience with 112-frame acquisition shows some promise that greater sampling rates will increase our ability to identify and fully characterize the contraction pattern. Also, the frequency of data analysis need not be limited to the frame rate of data acquisition, as shown in the work of Byrom and co-workers6 16, 20 and in our own experience. The optimal method of phase image acquisition and analysis remains to be identified, but even in this primitive form, groups with varying patterns of contraction and conduction can be differentiated.
The phase image reveals information regarding the pattern and sequence of contraction and not the extent of wall motion or contraction, which is primarily evaluated on blood pool scintigraphy. Although the extent of contraction abnormalities obviously influences phase, phase changes provide a refined, quite objective method of evaluating sequential changes. Phase images provide a new measurement of the degree of contraction abnormality not available from the unprocessed blood pool scintigram from which it is derived. While the blood pool study assesses perimeter changes, the phase image evaluates the pattern of volume changes. Structures and conditions not differentiated by virtue of geometry can be separated and characterized by phase changes. In this way, the right atrium and right ventricle could be separated for a more accurate assessment of right ventricular function, left ventricular aneurysms could be more thoroughly and accurately evaluated, and conduction abnormalities could be well assessed. While phase changes show only a gross relationship to the degree of wall motion abnormality, they may be useful in characterizing wall motion and in separating regions of normal and abnormal motion. This relationship of phase and the degree of wall motion abnormality is also important in understanding the factors that influence the phase parameter as we apply it to the evaluation of conduction abnormalities and other anatomic and physiologic disorders. 559 CIRCULATION Abnormal conduction alone does not produce a perceptible phase delay by the methods used, but does demonstrate a temporal dispersion of phase changes. Although gross phase delay is generally related to severe contraction abnormalities, mild contraction abnormalities cannot easily be separated from normally contracting segments. In patients with abnormal conduction, the pattern of phase variation generally parallels that of intra-and interventricular conduction. Developing methods of data acquisition and analysis may increase the variety, resolution and reliability of information available from the phase image.
